OBJECTIVES: Ischaemia-reperfusion injury is a necessary part of organ transplantation and a key determinant of both acute and chronic graft failure. We have assessed the contribution of endothelial nitric oxide synthase (eNOS) and eNOS uncoupling to oxidative and nitrosative stress formation during lung ischaemia-reperfusion injury dependent on ischaemia time.
INTRODUCTION

Lung ischaemia-reperfusion injury
Ischaemia is inevitable during any organ transplant procedure. This period of time is kept as short as possible. After implantation in the recipient, reperfusion is initiated, when circulation resumes [1] . This creates a metabolic imbalance and a build-up of toxic products such as lactate, potassium, reactive oxygen species (ROS) and reactive nitrogen species (RNS). These toxic products are released in the circulation during reperfusion and may cause an inflammatory reaction and tissue necrosis [2] .
This phenomenon occurs in the lung typically during and after lung transplantation [3] but also following pulmonary embolectomy [4] , cardiopulmonary bypass [5] and experimental techniques such as isolated lung perfusion for treatment of pulmonary metastases [6] . After transplantation, lung ischaemia-reperfusion injury (LIRI) is not only the main determinant for the development of adult respiratory distress syndrome in the period immediately after surgery but also an important factor for the development of chronic graft failure through bronchiolitis obliterans syndrome afterwards [3] .
Endothelial nitric oxide synthase uncoupling
Endothelial nitric oxide synthase (eNOS or NOS-III) is a constitutively expressed nitric oxide (
• NO)-producing enzyme that is mainly responsible for flow-mediated vasodilation of blood vessels. In response to increased shear stress from flowing blood, NOS-generated • NO diffuses from the endothelial cell to the smooth muscle cell, a signal for muscle relaxation. eNOS consists of 2 monomers bound together to form a homodimer ( Fig. 1) [7] . Several cofactors are necessary for eNOS to perform its normal physiological function, of which tetrahydrobiopterin (BH 4 ) is most important. When BH 4 is oxidized by ROS, eNOS changes conformation in structural and functional uncoupling [8] . The homodimer (260 kDa) falls apart into 2 identical subunits (130 kDa), and the reaction product shifts from
• NO to O
• 2
- [9] . These findings have pinpointed eNOS uncoupling as a significant source of oxidative stress during acute myocardial infarction, diabetes mellitus, smoking and essential hypertension. Its role in pulmonary tissue has not yet been investigated extensively.
We have previously demonstrated that LIRI-induced oxidative and nitrosative stress can be measured using electron spin resonance (ESR) [10] . We hypothesized from earlier cardiological investigations that eNOS and eNOS uncoupling must at least play a contributing role to oxidative and nitrosative stress during LIRI and that this contribution might be dependent on ischaemia time.
We present evidence that eNOS uncoupling indeed occurs during LIRI, but only after 60 min of ischaemia. Longer ischaemia times of 90 min result in increased oxidative and nitrosative stress, but other mechanisms apart from eNOS appear to take over. The pathophysiological consequences of these findings are discussed.
MATERIALS AND METHODS
Animals
All procedures were approved by the University of Antwerp Laboratory Animal Ethics Committee, file (2012-36). The animals were treated according to the European Directive for Laboratory Animal Care (Directive 2010/63/EU of the European Parliament). Forty wild-type female inbred C57BL/6JRj mice of 8-to 10-weeks old were purchased at Janvier Laboratories (Le Genest-Saint-Isle, France). Forty female C57BL/6 eNOS -/-knock-out mice of 8-to 10-weeks old were purchased from Charles River Laboratories (Wilmington, DE, USA).
Experimental design
The number of animals needed was calculated by power analysis based on pilot experiments [10] . All eNOS wild-type and eNOS -/-mice were first randomly divided into one group receiving 60 min of ischaemia and another one with 90 min of ischaemia. Animals were subsequently randomized into 3 reperfusion groups (procedure without reperfusion or with 1 h or 24 h of reperfusion) and 1 sham group (undergoing thoracotomy and ventilation alone) ( Table 1 ). The experimental set-up is illustrated more clearly in Supplementary Material, Fig. S1 .
Surgical procedure
The microsurgical procedure has been described extensively before [10] . In brief, after a muscle-sparing thoracotomy through the fourth intercostal space, pulmonary anoxic ischaemia was induced for 60 or 90 min by clamping of the complete left pulmonary hilum including pulmonary artery, pulmonary vein and the bronchus with an atraumatic microvascular clamp (Fine Science Tools, Heidelberg, Germany). Mice in the sham group received no clamping but only light manipulation of the pulmonary hilum. We observed a 5% perioperative mortality due to tracheal intubation trauma, making maintenance of adequate anaesthesia difficult and off-ventilator reperfusion impossible. There was no postoperative mortality in either group. Electron spin resonance for detection of free radicals ROS were detected in the lung and blood with ESR [10] . Examples of free radical spectra and spin traps and probes used in these experiments are depicted in Supplementary Material, Ascorbyl as endogenous reactive oxygen species spin probe in lung tissue. Ascorbic acid is abundantly present in the lung tissue and reacts with ROS into ascorbyl radical. Snap-frozen lungs were briefly thawed and homogenized on ice and immediately analysed with ESR spectroscopy. Ascorbyl spectra were recorded as previously described [11] on an EMX 1273 spectrometer (Bruker, Germany). The spectrum, a doublet signal, was quantified in arbitrary units through peak surface measurements using WIN-EPR software (Bruker).
Fe-(DETC) 2 CMH as a reactive oxygen species spin probe in peripheral blood. After ischaemia and reperfusion, blood was taken from the vena cava and immediately mixed (1:1) with a spin probe solution containing 10 mM 3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) (Noxygen Science Transfer & Diagnostics GmbH, Freiburg, Germany). Spectra were acquired with a MiniScope MS 200 spectrometer (Magnettech, Berlin, Germany), and peak amplitude was calculated with Analysis 2.0 (Magnettech, Germany).
Western blotting
Snap-frozen lungs were cut into pieces of about 0.5 mm 3 and kept at 4 C. The eNOS homodimer is sodium dodecyl sulphate resistant and therefore a sodium dodecyl sulphate electrophoresis was used to separate the proteins (MiniProtean 4-20% Tris-glycine gel, BioRad Laboratories, Hercules, CA, USA) at 100 V on ice. After overnight probing at 4 C with primary antibodies, monoclonal mouse anti-ß-actin (1:2500, Sigma, Belgium), rabbit anti-eNOS antibody (1:1000, Santa Cruz, CA, USA) and rabbit anti-3-nitrotyrosine (1:1000, Santa Cruz, CA, USA), secondary antibody was added (horseradish peroxidase-conjugated secondary rabbit anti-mouse antibody 1:5000 for ß-actin; 1:2500 for nitrotyrosine and 1:2500 horseradish peroxidase-conjugated swine anti-rabbit, all purchased from DAKO, Heverlee, Belgium). Detection followed with SuperSignal West substrate (Thermo Fischer Scientific Inc.), SS femto for nitrotyrosine and eNOS and SS pico for ß-actin, with a G:box and GeneCapture software from Syngene (Cambridge, UK).
Physiological parameter evaluation with blood gas analysis
The following parameters in arterial blood were assessed: oxygen tension (pO 2 ), carbon dioxide tension (pCO 2 ), acidity (pH) and calcium (Ca 2+ ) content. At the end of the surgical procedure, 200 ml of arterial blood was drawn from the aorta and immediately analysed using a calibrated ABL TM 77 series analyser from Radiometer (Copenhagen, Denmark).
Statistical analysis
Data of the different experimental groups were analysed and compared with IBM SPSS Statistics for Windows (version 21.0, Released 2012, IBM Corp., Armonk, NY, USA) using factorial analysis of variance with 3 factors: eNOS genotype (eNOS wildtype or eNOS knock-out), ischaemia times (60 or 90 min) and reperfusion times (sham, 0 h, 1 h or 24 h). Initiating from the full factorial model, higher order interaction terms were eliminated one by one in case of non-significance. Post hoc tests were performed with Tukey's correction for multiple testing on the final model using R (R Core Team, version 3.3.1, Released 2016, Vienna, Austria). We were specifically interested in significant differences between groups of mice that underwent the same duration of reperfusion with different ischaemia times and eNOS background and differences between each reperfusion group when compared with its corresponding sham group. Statistical significance was assumed at a P-value <0.05. Spearman's rank was used to determine correlation between eNOS uncoupling and pulmonary ROS production. Graphs were plotted using GraphPad Prism (version 5.00, GraphPad Software Inc., La Jolla, San Diego, CA, USA) with means and SEM. For the sake of clarity, we present only the multiple line graphs representing the data described here. In the supplementary files (Supplementary Material, Figs S3 and S4), available as an eresource, bar charts that more specifically indicate significant differences between groups were added and might provide a useful addition to the description of data presented in this article. Figure 2 depicts the pulmonary oxidative stress profiles during LIRI as quantified by ascorbyl radical content. Statistical analysis showed significant interaction between ischaemia time and eNOS genotype [F(1, 75) = 17.6, P = 0.000] and a reperfusion effect of F(3, 75) = 3.6, P = 0.017, with a significant increase after 1 h of reperfusion compared with sham (P = 0.014), but no significant interaction between eNOS genotype, ischaemia time and reperfusion time (P = 0.436). Ascorbyl radical content was significantly increased after 60 min of ischaemia in the presence of eNOS compared with 60 min of ischaemia in the eNOS knock-outs (P = 0.016) and 90 min of ischaemia in the wild-type (P = 0.000) animals. After 90 min of ischaemia, eNOS knock-out animals generated more pulmonary ROS compared with wild-type (P = 0.026) animals.
RESULTS
Pulmonary oxidative stress
Pulmonary nitrosative stress The RNS curves appear to be consistent with the pulmonary ROS profiles. When comparing pulmonary
• NO profiles, we observed a significant interaction between all 3 factors [F(3, 66) = 3.667, P = 0.017]. Pulmonary NO was significantly increased after 60 min of ischaemia compared with the sham (P = 0.037), 1 h (P = 0.018) and 24 h (P = 0.005) of reperfusion in the presence of eNOS. There was a significant interaction between all 3 factors [F(3, 63) = 3.346, P = 0.025] when observing protein nitrosation. Post hoc testing indicated that after 24 h of reperfusion, there was a statistically significant increase in ONOO -formation following 60 min of ischaemia in the presence of eNOS compared with 90 min in the absence of eNOS (P = 0.013). In the absence of eNOS, 90 min of ischaemia caused significantly more protein nitrosation compared with 60 min of ischaemia (P = 0.034). group. Total eNOS content did not change during ischaemia and reperfusion, regardless of ischaemia time. Also 60 min of ischaemia induced significantly more eNOS uncoupling after 0 (P = 0.026) and 1 h (P = 0.021) of reperfusion compared with 90 min of ischaemia. Non-parametric Spearman's rank correlation test confirmed our hypothesis that there is a moderately positive correlation between eNOS monomer/dimer ratio and pulmonary ROS content (Spearman's rho = 0.438 with P = 0.027).
Pulmonary endothelial nitric oxide synthase uncoupling
Oxidative stress in peripheral circulation
ROS content in peripheral circulation was determined using CMH spin probe and ESR analysis of whole-blood samples obtained from the posterior caval vein (Fig. 5) . We could not find a significant interaction between eNOS genotype, ischaemia time and reperfusion period (P = 0.216). Interactions between ischaemia time and reperfusion period [F(3, 76) = 10.9, P = 0.039] were significant, as was the effect of ischaemia time alone [F(1, 76) = 61.8, P = 0.000. In the eNOS knock-out group, 90 min of ischaemia resulted in significantly increased peripheral ROS after 24 h of reperfusion compared with sham (P = 0.000), no reperfusion (P = 0.001) and 1 h of reperfusion (P = 0.024). Sixty minutes of ischaemia resulted in considerably less oxidative stress in peripheral blood after 24 h of reperfusion (P = 0.000). In the eNOS wild-type group, ROS levels were also elevated after 90 min of ischaemia and 24 h of reperfusion compared with sham (P = 0.000), no reperfusion (P = 0.001) and 1 h of reperfusion (P = 0.023). There was also a significant difference between the 2 ischaemia groups after 1 h (P = 0.001) and 24 h of reperfusion (P = 0.000).
Clinical parameters: blood gas values
We observed a significant difference in pH levels during reperfusion [F(3, 66) = 25.3, P = 0.000], which were significantly elevated after 0 h (P = 0.000) and 24 h of reperfusion (P = 0.000) compared with sham. The effect of reperfusion on carbon dioxide levels [F(3, 64) = 18.5, P = 0.000] was significant with a dip after ischaemia alone (P = 0.007) and elevated pCO 2 levels after 1 h of reperfusion (P = 0.004) compared with sham. Values returned to normal after 24 h of reperfusion. There was a significant effect of eNOS on tissue oxygenation [F(1, 59) = 7.14, P = 0.010], with lower pO 2 values in eNOS knock-out animals. Interaction between ischaemia time and reperfusion period was F(3, 59) = 8.56, P = 0.000 with lower pO 2 values when compared with sham after 60 and 90 min of ischaemia followed by 1 h of reperfusion Figure 4 : Pulmonary total eNOS concentration and eNOS uncoupling during lung ischaemia and reperfusion as demonstrated with western blotting (antieNOS antibody). The uppermost graph shows the evolution of pulmonary eNOS uncoupling over time, the lower graph depicts total eNOS concentration in lung tissue.
# P < 0.05 between groups. Lower panels show representative western blots incubated with anti-eNOS antibody. eNOS uncoupling is significantly present after 60 min of ischaemia, but this effect does not appear after 90 min of ischaemia. (P = 0.01 and P = 0.02, respectively), which recovered after 90 min of ischaemia and 24 h of reperfusion (P = 0.001). Reperfusion yielded a significant difference in Ca ++ levels [F(3, 62) = 3.69, P = 0.01], with a significant decrease in Ca ++ after ischaemia alone (P = 0.017) compared with sham which recovered after 1 h of reperfusion (P = 0.04). These results are represented in Fig. 6 .
DISCUSSION
NO is a highly reactive molecule with key signalling effects and many benign characteristics in normal physiology produced by eNOS in the vascular wall and by inducible nitric oxide synthase (iNOS) in inflammatory cells [12] . It is a potent vasodilator and an anti-aggregant.
During inflammation, as in ischaemia-reperfusion injury, the normal NOS homeostasis is overruled and other mechanisms take over, leading to increased oxidative and nitrosative stress. Possible culprits are the enzymatic reactions that are catalyzed by NADPH oxidase, xanthine oxidase, iNOS and others. In myocardial ischemia-reperfusion injury, eNOS uncoupling has been proposed as another possible mechanism increasing the oxidative stress [13] .
Our aim was to determine whether eNOS uncoupling also occurred during LIRI and whether this uncoupling was related to a significant increase in pulmonary and peripheral ROS and RNS. With an eNOS knock-out mouse model of LIRI, we studied the effect of ischaemia time and eNOS availability on these parameters.
In peripheral circulation, 90 min of ischaemia causes considerably more reactive oxygen species generation
The profile of ROS generation in the peripheral circulation of C57bl/6 appears to follow the same pattern after 60 min of ischaemia as reported earlier in Swiss mice [10] . A temporary increase in ROS formation was observed during ischaemia, returning to baseline after 1 and 24 h of reperfusion. We could not demonstrate an influence of eNOS on this effect. Ischaemia time dominates the effect, with increased generation of ROS in peripheral tissue after 90 min of ischaemia, independent of eNOS uncoupling.
We have no data supporting the origin of these peripheral ROS in which eNOS uncoupling does not appear to play a significant role. Ischaemia induces conversion of xanthine dehydrogenase into xanthine oxidase in pulmonary endothelial cells [14] and leads to massive degradation of high-energy phosphates to the xanthine oxidase substrate xanthine, which is converted to uric acid with O • NO [15] . This mechanism of ROS-induced ROS release may explain the quick rise in superoxide formation during ischaemia. Antioxidant defences take over during reperfusion after 60 min of ischaemia. After 90 min of ischaemia, however, the amount of ROS seems too large to be annihilated by the antioxidant reserves of the body and ROS levels are allowed to rise without further challenge.
Another observation was that ESR signal intensity of the CM
• radical in all groups was decreased, compared with the signal intensity found in earlier investigations [10] . However, the same spin probe in the same concentration was used in blood from mice of the same age. It is possible that the strain of mice influences these differences in ROS generation. Previously, Swiss Webster outbred mice were subjected to LIRI, whereas in these experiments inbred C57bl/6 mice were used. Genetic polymorphisms influencing ROS-generating enzymes may confound results and make it difficult to draw conclusions based on data gained from different strains [10] . Figure 6 : Evolution of parameters determined by blood gas analysis as a proxy of clinical outcome. Blood acidity (pH), carbon dioxide content (pCO 2 ), oxygen tension (pO 2 ) and calcium were followed during reperfusion and compared with sham.
Pulmonary reactive oxygen species and reactive nitrogen species are increased by endothelial nitric oxide synthase depending on ischaemia time
The evolution of pulmonary ROS and RNS do not follow the same pattern as in the peripheral circulation. In the lung, reperfusion appears to be the critical event that triggers oxidative and nitrosative stress, instead of ischaemia in the periphery. After 60 min of ischaemia, eNOS uncoupling contributes significantly to pulmonary oxidative stress. This observation is confirmed by increased pulmonary eNOS monomer-to-dimer ratios and significantly lower pulmonary ROS generation in knock-out animals. Interestingly, this effect disappears after 90 min of ischaemia and eNOS knock-out animals are more susceptible to oxidative stress compared with their wild-type counterparts. We could not find eNOS uncoupling after 90 min of ischaemia. Kaminski et al. [16] also showed a protective effect of eNOS after LIRI, but this effect was already present after 60 min of ischaemia. Unlike the data presented here they reported significant mortality in the eNOS -/-arm, which might indicate that the hilar clamping procedure conveyed more trauma to the animal, equal to 90 min of ischaemia with our approach.
• NO production was most pronounced after 60 min of ischaemia during early reperfusion, but not after 90 min of ischaemia, when
• NO content peaked after ischaemia alone compared with sham (P = 0.037) but returned to baseline during reperfusion (P = 0.017). The influence of eNOS phosphorylation, which tightly regulates eNOS-mediated • NO generation and possibly even ROS production [17] , was not taken into account. Phosphorylation of eNOS at a specific serine amino acid, Ser-1177 may increase ROS production by uncoupled eNOS with over 50% [17] . The rise of • NO during reperfusion does not seem to originate from increased eNOS transcription, as eNOS expression remains constant during ischaemia and reperfusion alike. This observation was different from that of Kaminski et al. [16] who demonstrated a significant increase in eNOS concentration after 24 h of reperfusion following 60 min of ischaemia. It is also possible that iNOS, which produces higher concentrations of • NO independent of intracellular calcium, contributes to this sudden burst of
• NO during reperfusion [18] . Protein nitrosation can be detected longer compared with the earlier described ROS and RNS bursts as nitrotyrosine half-life greatly exceeds the half-life of free radicals such as
- [19] . After 24 h of reperfusion, 90 min of ischaemia causes increased peroxynitrite concentrations in eNOS -/-mice compared with 60 min (P = 0.039) Again, eNOS appears to protect the lung parenchyma during longer ischaemia periods but plays a significant role in RNS generation after a shorter ischaemic period. Sixty minutes of ischaemia causes considerably more protein nitrosation when superoxide produced by uncoupled eNOS reacts with
• NO to peroxynitrite. The effect of protein nitrosation extends longer than the peaks observed in ROS or
• NO production after 1 h of reperfusion.
Clinical outcome is worse during early reperfusion, without an adult respiratory distress syndrome-like effect
Blood gas values suggest that 1 h of reperfusion is the most critical moment with normalization after 24 h of reperfusion. eNOS wild-type animals had higher pCO 2 and lower pO 2 values, which further support the negative impact of eNOS uncoupling. These data also indicate that even 90 min of ischaemia does not cause an adult respiratory distress syndrome-like effect, in which massive non-cardiac pulmonary oedema and severely disturbed blood gas values are present. Longer ischaemia times may be necessary to produce this effect, although pilot experiments at our lab indicate that 120 min of ischaemia causes ischaemic damage that is so severe that a vast majority of animals die immediately after initiation of reperfusion.
Limitations of the study and future prospects
The effect of free radicals on LIRI is obviously broader than the influence of eNOS alone. Other enzymatic reactions catalyzed by the mitochondria, NADPH oxidases, xanthine oxidases and iNOS were not taken into account in this project.
Furthermore, when determining ascorbyl radical content, it was assumed that total ascorbic acid concentration in the lung (millimoles of ascorbate per milligram of lung tissue) would be constant among all mice in the studied population. Using highperformance liquid chromatography, total pulmonary ascorbate content can be estimated. However, these measurements fell out of the scope of this project.
Lastly, longer reperfusion times of 48 h and more would shed more light on the extent and duration of ROS and RNS production during LIRI. This would be especially useful in the 90 min of ischaemia eNOS -/-and 60 min of ischaemia eNOS +/+ groups. No clear maximum of ROS and RNS formation could be derived from the data presented here, as ROS and RNS levels still show a rising trend after 24 h of reperfusion.
CONCLUSION
In conclusion, this study demonstrates that eNOS uncoupling contributes to oxidative stress generation during pulmonary ischaemia-reperfusion injury. This effect is present following a relatively short ischaemia time of 60 min. The presence of eNOS significantly increases ROS and RNS formation following 60 min of ischaemia, but this effect is reversed following a longer ischaemia time of 90 min, when eNOS appears to play a protective role during reperfusion. Blood gas analysis shows that eNOS uncoupling contributes to worse clinical outcome.
